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Abstract: The usage of composite materials has been increasing over the recent years. Characteristics such as

high tensile resistance, erosion resistance and cost effectiveness are the reason of such trend. Using composite
materials in concretes exposed to corrosive enviromments helps to mcrease the durability of the structure. The
stirrups of a concrete structure, compared to longitudinal bars, due to closeness to concrete surface and less
diameter are expected to have more defects in corrosive and acidic environments. Tn this study, an experimental

and a finite element investigation 1s carried out on hysteresis behavior of T concrete connections for the effect

of composite stirrup’s distance in the experimental part, a concrete connection 1s tested to calibrate the finite
element model. Following that the experimental model was compeared to and venfied by the finite element model,
using the finite element software ANSYS. Two groups of concrete connections, each including two

connections are modeled by ANSYS. In each group, the variable is the steps of composite stirrups. Based on

the results, connections with dense stirrup has 12% more capacity in compare to non-dense tied connections.
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INTRODUCTION

Using composite stirrups nstead of steel stirrups 1s
increasing because of their high resistance against
corrosive substances. The usage of bars made from CFRP
and GFRP fibers for longitudinal and transvers bars and
FRP sheets to apply in bridges and dowels and buildings
is increasing (Fulkuyama et al, 1995; Sharbatdar and
Kazem, 2003; Theodorakopoulos and Swamy, 2008).
Besides the usage of FRP fibers to strengthen concrete
beams and rehabilitating concrete commections has
mcreased for during the recent decades (Ceromi, 2010,
Si-Larbi et ai, 2012; ACI Committee 318, Canadian
Standards Associatior, 2002; Mahiri and Ronagh, 2010;
Ghobarah and Said, 2002; Mukherjee and Joshi, 2005).
And several design codes are issued to use FRP fibers in
concrete structures. ACI Committee 440.2R-02; Nanm,
2001) because of high prices and low ductility, using
longitudinal FRP bars 1s not cost-effective m small
projects. On the other hand having bigger diameters
besides having a thicker cover of concrete, longitudinal
bars in compare to transvers bars are less prone to
corrosionn.  Due to the aforementioned reasons
longitudinal bars are not affected by corrosion as
much as transvers bars, stirrups have a major effect on
hysteresis behavior of the structure and its energy
absorption and dissipation. Corrosion and damages
induced to stirrups because of their adjacency to sulfate
and chloride environments leads to not only reduction
In  structure’s  capacity but its  resistance to

seisminic loads. Concrete buildings that are constructed
without considering seismic, generally known as frames
designed for gravitational loads are very vulnerable to
horizontal loads of earthquake. A major portion of these
damages which can lead to collapse and failure of the
structure are due to large spacing of stirups and omitting
the ductility requirements of the building. In the United
States such earthquake regulation codes for concrete
frames were released on 1971 in code ACI-318 (ACI
Committee 318, 2002). The requirements on ductility of
concrete structures 18 mostly about the usage of steel
stirrups. There 15 hmited studies on the effect of FRP
stirrup’s  spacing on the earthquake behavior of the
concrete structure. ACI codes in ACI-4400-1R do not
address ductility on structures with FRP stirrups (ACL
Committee 440.2R-02, 2002). Most studies are about the
web stirrup’s role on the behavior of concrete
connections with longitudinal FRP bars (Sharbatdar ef af.,
2011).

Characteristics of experimental specimen: The studied
specimen 1s modeled on 1:2 scale. The height and
width of column 1s 250 and 200 mm and those of
the beam are 200 and 250 mm, respectively which is
around half of the real model. The experimental models
have steel longitudinal bars and CFRP stirups. This
connection 1s used as the validation reference of the FEM
Model.

As shown in Fig. 1, the column has for reinforcement
and the beam has for both top and bottom of the
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Specimen
zone Ref.
X1 FRP stirrup at
B 450 mm 50 mm
X2 FRP stirrup at
650 mm 100 mm
€
£ X3 FRP stirrup at
g 300 mm 50 mm
n Y1 FRP stirrup at
275 mm 50 mm
Y2 FRP stirrup at
300 mm 150 mm
Y3 FRP stirrup at
o 275 mm 50 mm

- >
250 mm
Fig. 1: Connection details

Table 1: Experimental specimen carachteristics

Beamn’s rebar count

Critical zone’s stirrups spacing Non-critical stirrups zone

Colurmmn’s The number of Stirrup’s
Specimen  rebar count Top Bottom Beamn Column Beam Column stirrup’s at connection material
Ref 8 3 3 50 50 100 150 2 CFRP
study. The stirrups of the reference specimen at the  Table2: Specifications of the connection rebar
critical zone (ductility conditions ) have 450 mm length and Rebar’s Yielding Ultimate
d 50 " this ch to 100 t diameter resistance resistance
space at. mm steps, this changes to 100 mm at areas (mm) Used as (MPa) (MPa)
out of this zone. The connection details are shown in 14 Column longitudinal rebar 408 470
Table 1. Portland cement type 2 was used for concrete. fc 12 Beamn longitudinal rebar 354 542
of the concrete is 30 MPa. The maximum aggregate
dimension is 10 mm and slump was held at 80 mm. Ribbed = Table 3: Characteristics of carbon fiber plates
bars are used for reinforcing all three specimen. The prod . Te“Sﬂteh Elasslcl‘ty ul ghlcll:‘;_fs
o . . t* tr timate :
characteristics of the steel rebar are listed in Table 2. rocuct’s be shenglt  modie imelc ot cact hers
A ) ; i o name of fiber (MPa)  (GPa)  strain (%) layer (mm)
Stirrups used in this study are CFRP their characteristics YCON200  High 3550 235 s 01
such as shown n Table 3. resistance
carbon

FRP stirrups design: Designing the cross section of FRP
stirrups is done by using the equivalent cross section of
steel stirrups. To do this, it was assumed that the FRP
stirrups equal to steel stirrups with 28.3 m” and yielding
resistance of 260 MPa are embedded i the connections.
As stated in design codes the shear capacity of steel
stirrups 13 calculated as:

v, =7 (1)

In which A, F.,, d and S are the sum of stirrup leg’s
cross-section area, yielding resistance of steel rebar,

effective height of cross-section and spaces between
steel stirrups, respectively. In case of using FRP stirrups
as mentioned in ACT-440-1R, the share of the FRP stirrups
from the shear 15 calculated as:

v, - Afd (2)

Where:
V¢ = The shear load share of FRP stirrups
Ay, = The sum of the cross section stirrup legs

s Space between stirrups
fy, = the stress in FRP stirrups
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As proposed in ACI-440-R1, the stress in FRP
stirrups can be stated as:

f, =0.004E, 3)

In which E; is the elasticity module of FRP stirrups.

ACT-440-1R advises to have a minimum of shear stirrups
1n the cross-section equal to relation 4.

Afv,mm = (4)

In which b,is beam’s width. To design the equal FRP
stirrups based on relations represented in the codes, the
required cross-section area of FRP stimups based on

relation 5 and 0.4% strain are represented in Table 4 and
5

Where:
A, = A single stirrup leg’s cross-section area
A; = The equivalent cross-section are of FRP stirrups

In addition, the steel rebar that 1s considered to design
FRP stirrups has 6 mm diameter and yielding strength of
260 MPa which equal amount of FRP stirrups were used
instead.

The experiment system set: The experiment set 1s shown
in Fig. 2. To apply hysteresis load on both ends of the
beam two 200 kN actuators where installed horizontally at
the top of the specimen and to apply axial load to the
column a 500 kN actuator 1s located at the end of the
column and the other end is restrained as pinned support.
The arm of loading pomnt to the connection side is
1250 mm and also the center to center distance of
supports 18 1500 mm. The applied constant axial load of

¢ = Asly (5)  350kN onthe column through the experiment is 20% of its
0.004E¢ capacity.
Table 4: Comparing experimental and FEM Models
Difference percentage compared to experimental model
Specimen Ay (mm) M, (kN.m) A, (mm) M, (kKN.m) A, (%) M, (%) A, (%) M, (%)
Experimental 9/89 1213 85 31 /7 52 36 10/5
FEM 10/56 12/76 81/9 3421

Table 5: Dimensions and details of longimidinal rebar of the connections

Beam dimensions (imim)

Colurmn dimensions (imim)

Beam rebar at

Group No. Specimen name Height Width Height Width top and bottom Colurmn rebar
1 D 400 500 500 500 4420 12420
nu 400 500 500 500 4420 12420
2 2D 550 650 650 650 5¢25 16425
J2U 550 650 650 650 525 16425
—— 700 mm -—

L
T HH

Oil jack Z00kN

|- 500 mm

-

LVDT 100 mm

| ——— 400 mm —=—

il jack 200kN

-

il jack 200kN

—

— 500 mm -

LVDT 100 mm

1500 mm

«<—— Supports —=

Fig. 2: Set up details of the experiment
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which is calculated by the following relation. The
horizontal load, applied according to displacement control
method, started by 3 cycles of 0.5% until elastic flexural
cracks appeared. Following that three cycles of 1% were
applied. The following steps included three cycles at each
increasing loading round. To record the information of
concrete connection, some strain gauges were installed at
stirrup leg of the panel zone and three points on
longitudinal rebar of column and beam and also the two
last stirrups of the beam.

Behavior of the experimental specimen: Figure 3, the
moment-drift curve of the reference specimen is depicted.
The curve 1s illustrating the steady behavior of
connections to the 7% drift point. Tn the experimental
specimen, plastic hinges were formed due to implying
weak beam-strong column idea in designing process.
Because of the stronger column than beam, less plastic
strains were appeared at panel zone and less failure at the
beam area. During applying all displacements, no
resistance reduction is observed and the specimen passed
all the above displacements with no resistance reduction.
The reference specimen took an ultimate moment of 31.3
KN.m at 85 mm of ultimate displacement. As seen in the
diagram the reference specimen has a ductile behavior.
The first yielding of beam’s longitudinal bars happened at
15.2 KN.m moment and 9.89 mm displacement for the
reference specimen. The specimen ductility is defined
based on ultimate displacement to yielding displacement.
This is 8.9 for the experimental specimen. The initial
cracking of the experimental specimen happened at 1%
drift at panel zone. Figure 4 the diagonal strain of panel
zone which is measured by the diagonally embedded

10

LVDTs is depicted. Based on that Fig. 4, the maximum
compression strain at the panel zone for the end of the
loading is 1.8%. Furthermore, the maximum tensile strain
at the end of loading is calculated to be 1.78%. The
experimental specimen at the end of loading is shown in
Fig. 5.

The strain of connection stirrups: Figure 6 the strain of
the first stirrups at 50 mm distance from column side is
shown against the implied moment. Based on this figure
the strain of CFRP stirrups at the end of loading is equal
to 0.88% for the reference specimen. Figure 7 the strain of
panel zone stirrups is plotted based on implied moments
to the comection. The maximum strain for reference
specimen at the end of loading is 0.24%. Figure 8 the
moment-strain curve of the first stirrups of the column at
the 50 mm distance from beam side is plotted for
experimental specimen. Based on this figure the maximum
strain of the stirrups in the reference specimen at the end
of loading is 0.51%.

Moment-rotation behavior of the experimental specimen:
Moment-rotation figure depicts accurately the flexural
characteristic for a reinforced concrete section. For a
given concrete section with defined distribution of
longitudinal reinforcement and for a certain axial load, this
curve provides the moment that the beam has at each
curvature compared to its initial condition. To define
moment-rotation curve, the geometry of the section, rebar
position and their diameter, concrete and steel’s
stress-strain curves, the implied axial load and the
direction of the moment should be known hence, the
curvature is varying at each stage and equals to the

30

20

)

g i
Z 10 AL
= ;..t/ ! Ir,

//,

" Drift(

o)

Fig. 3: Moment-displacement curve of experimental specimen
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Fig. 4: Compression and tension strain of diagonal VD Ts at plate zone
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Fig. 5: Connections at the end of loading

compression strain to the neutral axi’ss height which 1s
derivable based on expermmental information recorded at
each stage. Figure 9, the moment-rotation of connection
beam’s section at 50 mm distance from column’s side is
shown. The maximum curvature for the reference
specimen 15 0.058 radian The connection’s energy

absorption curve based on imposed drift 13 plotted in
Fig. 10. Based on this curve the reference specimen has
relatively low energy absorption until 1.5% drift in such
way that at this drift the energy absorption is equal
to 388 kIN.mm while the maximum energy absorption for
this reference letter is 3610 kN.mm at 7% drift.
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Fig. 6: Strain of the first stirrup at the connection-JFD connection
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Fig. 7: Strain of stirrups at panel zone

Stiffness and energy absorption of the experimental
specimen: Figure 11 the stiffness changes of the reference
specimen 1s plotted against displacement of the beam’s
end. As it could be seer, the stiffness changes curve 1is
descending. The stiffness is defined as the steep of the
fitted curve of force-displacement curve.

Validation of the FEM Model: To validate the results from
ANSYS Software, the FEM Meoedel of JFD was bult. To
meodel concrete Solid 65 element was used. This element
has the ability of modeling cracking and crashing at

tension and compression. This 8 node element has three
degrees of freedom at each node as transmission for x, y
and z directions. To model the longitudinal bars and FRP
stirrups the element LINKE was chosen this element with
three freedom degrees at each end has the ability to bear
tension and compression but no flexural load. To model
the support and leading plates element 45 was used.
Strain monitoring was used to control the rupture of FRP
stirrups. Using the dimensions of the experimental model,
the FEM Model of the concrete beam was built and
meshed for the analysis by ASYSY as shown in Fig. 12.
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Fig. 9 Moment-rotation curve
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Fig. 10: Energy absorption of experumental specimen
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Fig. 11: Changes of stiffness of the commection based on
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Fig. 12: FEM Model of experimental specimen IFD

Figure 13 load-displacement curves of FEM and
experimental models are shown. As shown in Fig. 13 they
confirm each other well. The results of experimental and
finite element models are listed in Table 4. Based on this
table the experimental and finite element models has only
10% difference of which it is equal to 6.7% for the
displacement that the first yielding of longitudinal rebar 1s
detected and 5/2% for the yielding load of connection
beam’s longitudinal rebar, 3/6% for ultimate displacement
and 10.5% for the ultimate load of the connection.

The built finite element models: To investigate the effect
of FRP stirmups on reinforced concrete connection’s
behavior, 2 groups of concrete connections with different
dimensions and remforcement were modeled. Each group
mncluded two connections which have similar dimensions
and longitudinal reinforcement. In each group, the first
comnection has FRP stirrups with ductile conditions and
the second connection had FRP stirrups with non-ductile
conditions. In other words the spacing between FRP
stirrups of the second connection is twice of the first
connection. The FEM specimen’s concrete has a
compression strength equal to 30 MPa and longitudinal
rebar specification like the experimental specimen. The
dimensions are chosen to imply weak beam-strong column
idea. The dimensions and number of longitudinal rebar of
modeled connections are listed in Table 5.

Also, 1n Table 6, the cross-section area of FRP
stirrups and their spacing at ductile and non-ductile zones
is shown. The length of ductile and non-ductile zones in
column and beam of the first and second group is 800 and
500 mm, respectively. Furthermore, the total length beam
and column at each for model 1s 2000 and 3500 mim,
respectively and also the center to center distance of two
supports is 3100 mm at Fig. 14 the connections
specifications 1s illustrated. In Fig. 15, two of FEM Models

Maximum moment (kN.m)

0 1 2 3 4 5 6 7
Drift (%)

Fig. 13: Load-displacement diagram of experimental

model and finite element of reference
specimen
< A
L} 4|
b £
4 =
- 4] A
a
‘g
4
- q. N =T
a + P
a .
- 4 4 1 a e .
o
q 4 . A s a4
€ 3100 mn 3
€ 3500 mm > o

Fig. 14: The general dimensions of FEM Models

are shown. Based on this figure there are plates located at
both sides and top and bottom of the column as supports.

Load-displacement behavior of FEM Models: The studied
comnections are unposed to ascending loading at the end
of beam. Load-displacement of four specimen are shown
in Fig. 16. The loading of all specimens is done until till
7% drift with displacement equal to 140 mm. Based on
analysis for both commection groups with FRP stirrups, in
each group those specimen with FRP stirrups and ductile
conditions at critical zones have higher load bearing
capacity than connections with FRP stirrups with
non-ductile conditions. In the first group specimen J1D,
has the maximum moment of 135/6 kN.m which is 8.6%
more than J1U specimen. Similarly, at the second group
the J2D comnection has the maximum moment of
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Table 6: Cross-section of FRP stirmups and their spacing

Specimen Single side of FRP stirrup s Stirrups spacing Stirrups spacing
Group No. name cross-section area (mm) at ductile zone at non-ductile zone
1 J1D 6 100 200
J1u 6 200 200
2 2D 8 150 300
J2U 8 300 300
Table 7: Ultimate loading and displacernent and ductility coeficient of FEM
ELERERTS AN, specimen
@ Specimen A, (mm) M (Nm) A, (mm) M, (kNm) p=AJA
J1D 16.10 57.15 140 135.6 8.69
J1U 19.05 65.60 140 123.9 7.35
2D 17.30 138.70 140 365.3 8.09
20 21.23 142.20 140 338.6 6.59
@
| |==JD
1205 _+JIU
E 100
Z :
x> I
= 805
5 &
ELEMENTS AN g I
HOv ?DZF\él E .
(b) 04:41:31 40
2
(b)
E
z
=
=
5
£
S
=

Fig. 15: Models built in ANSYS

365.3 kN.m which shows 7.3% increase compare to J2U
comnection. As shown m Fig. 16 until the 7 mm
displacement the load-displacement curve is the same
for both connections. Form 7 mm displacement to
40 mm  displacement the difference between
moment-displacement curves mcreases relatively and from
50-140 mm of displacement the difference between the
curves of each group increases. In such way that in the
first group the maximum moment of T1D specimen is 8.7
more than the meaximum moment of specimen J1U. Also in
second group the maximum moment supported by J2D
model is 7.5 more than J2U. The resulted of FEM analysis
of the specimen is shown. Based on the results the
displacement in which the first yielding of longitudinal
bars 1s observed 1s 16.1 mm for J1D specimen from first
group which shows 15% reduction in compare to J1U
specimen. In the second group for 12D specimen the first

80 100 120 140

0...2(.).. 4060

Displacement (mm)

Fig. 16: Force-displacement of two connection groups: a)
First group and b) Second group

rebar yielding happened at 17.3 mm displacement which 1s
19% less than J2U specimen. Based on analysi’s result,
the first yielding of beam’s longitudinal rebar is the least
for TID and the most for J2U among other specimen.
Based on Fig. 17 and Table 7 m two groups, the first
connection of each group (J1D, I12D) which are enhanced
by ductile FRP stirrups have higher ductility coefficient
compared to connections without ductile FRP stirrups
(J1U, 12U). 11D comection with ductility coefficient 1s
8.69 which shows a 11.5% increase compared to J1U
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Ductility
W
1

T T
JID JIU 12D J2U0

FEM specimens
Fig. 17: Changes m ductility of two groups of connections

specimen. Furthermore in the second group J2D has a
ductility coefficient of 8.09% which 1s 22% more than 12U
speclmern.

CONCLUSION

Based on the experiments carried on the specimens it
was observed that during loading stages no strength
reduction happened and almost both connections passed
the loading stages with no drop in strength. The first
longitudinal rebar yielding m the reference specimen
happened at 9.89 mm displacement. The ductility, based
on displacement ratio to ultimate displacement (A/A,) is
8.6 for reference specimens.

According to results from testing experunental
specimen, the maximum observed strain at the end of
loading, belonged to stirmups at panel zone equal to
0.24%. The maximum connection rotation for reference
specimen 18 0.58 rad. Besides the maximum energy
absorption for the reference specimen at 7% drift is
3610 kN.mm.

According to FEM analysis to the both groups, using
FRP stirrups while considering ductility regulations lead
to increase in load bearing capacity, comparing to the
situation where spacing between stirrups is more. In such
way that m the first group specimen J1D has the maximum
moment of 135/6 kN.m which 1s 86% more than 11U
specimen. In the second group the J2D connection has
the maximum moment of 365.3 kN.m which shows 7.3%
mncrease compare to J2U connection.

Based on FEM analysis carried on models, it was
shown that using FRP stirrups with small distances leads
in load bearing capacity of FEM specimen.
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